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We perform a quantitative, comparative study of the spin pumping, spin Seebeck and spin Hall
magnetoresistance effects, all detected via the inverse spin Hall effect in a series of over 20 yttrium
iron garnet/Pt samples. Our experimental results fully support present, exclusively spin current-
based, theoretical models using a single set of plausible parameters for spin mixing conductance,
spin Hall angle and spin diffusion length. Our findings establish the purely spintronic nature of
the aforementioned effects and provide a quantitative description in particular of the spin Seebeck
effect.
Pure spin currents present a new paradigm in spin-
tronics [1, 2] and spin caloritronics [3]. In particular,
spin currents are the origin of spin pumping [4, 5], the
spin Seebeck effect [6, 7] and the spin Hall magnetoresis-
tance (SMR) [8–10]. Taken alone, all these effects have
been extensively studied, both experimentally [6–9, 11–
13] and theoretically [4, 14–18]. From a theoretical point
of view, all these effects are governed by the generation
of a current of angular momentum via a non-equilibrium
process. The flow of this spin current across a ferromag-
net/normal metal interface can then be detected. The
relevant interface property that determines the spin cur-
rent transport thereby is the spin mixing conductance.
Nevertheless, there has been an ongoing debate regard-
ing the physical origin of the measurement data acquired
in spin Seebeck and SMR experiments due to possible
contamination with anomalous Nernst effect [19–21] or
anisotropic magnetoresistance [22, 23] caused by static
proximity polarization of the normal metal [23]. To set-
tle this issue, a rigorous check of the consistency of the
spin-current based physical models across all three effects
is needed. If possible contamination effects are absent,
according to the spin mixing conductance concept [24],
there should exist a generalized Ohm’s law between the
interfacial spin current and the energy associated with
the corresponding non-equilibrium process. This relation
should invariably hold for the spin pumping, spin Seebeck
and spin Hall magnetoresistance effects, as they are all
based on the generation and detection of interfacial, non-
equilibrium spin currents. We here put forward heuristic
arguments that are strongly supported by experimental
evidence for a scaling law that links all aforementioned
spin(calori)tronic effects on a fundamental level and al-
lows to trace back their origin to pure spin currents.
We carried out a systematic set of spin pumping, spin
Seebeck and SMR experiments on Y3Fe5O12 (YIG) /
Pt thin film bilayers. In our spin pumping experiments
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Figure 1. (color online) (a), (b) Schematic depictions of the
spin pumping and spin Seebeck effects. The magnetizationM
in the ferromagnet (YIG in our experiments) is excited either
resonantly (a) or thermally (b). The M precession around
Heff is damped via the emission of a spin current Js with po-
larization σ into the normal metal (Pt in our experiments).
(c) The spin Hall magnetoresistance is due to the torque ex-
erted on M by an appropriately polarized Js which yields a
change in the reflected spin current J rs . The interconversion
between Js (J
r
s ) and the charge currents Jc (J
r
c) are due to
the (inverse) spin Hall effect in the normal metal.
[schematically depicted in Fig. 1(a)], we place YIG / Pt
bilayers in a microwave cavity operated at ν = 9.85 GHz
to resonantly excite magnetization dynamics. The emis-
sion of a spin current density Js across the bilayer in-
terface into the Pt provides a damping channel for the
non-equilibrium excitations of the magnetization M . It
has been established that the magnitude of the DC spin
current density is given by [4]
JSPs =
g↑↓
2pi
1
2
hνP sin2 Θ , (1)
where ν is the frequency of the microwave, Θ is the cone
angle which the precessing magnetization M encloses
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2with the effective magnetic field Heff , h is the Planck
constant, P is a factor to correct for elliptical precession
ofM [25] and g↑↓ is the spin mixing conductance per unit
of interface area and the conductance quantum e2/h.
As shown in Fig. 1(b), thermal excitations of M also
give rise to a spin current. This is the so-called spin See-
beck effect [6, 7]. Given a temperature difference ∆T be-
tween the electrons in the normal metal and the magnons
in the ferromagnet, a DC spin current density [14]
JSSEs =
g↑↓
2pi
γ~
MsVa
kB∆T , (2)
is generated. We investigate the longitudinal spin See-
beck effect [26], where the temperature gradient is ap-
plied across the ferromagnetic insulator/normal metal in-
terface. In Eq. (2), γ = gµB/~ is the gyromagnetic ratio
with the effective g-factor g and the Bohr magneton µB,
Ms is the saturation magnetization and Va is the mag-
netic coherence volume given by [14]
Va =
2
3ζ(5/2)
(
4piD
kBT
)3/2
, (3)
with the Riemann Zeta function ζ, the spin wave stiffness
D and T = 300 K for our room temperature experiments.
As depicted in Fig. 1(c), the application of a dc charge
current density Jc furthermore allows to inject a dc spin
current density direction vector Js ∝ αSHJc×σ into the
YIG via the spin Hall effect in Pt [8]. Here, αSH is the
spin Hall angle of Pt and σ is the spin current polar-
ization. If the magnetization M of the ferromagnet is
oriented perpendicular to σ, Js can exert a torque on M
by being absorbed at the interface. When σ is parallel to
M , the spin current is reflected at the interface, causing
a spin current J rs . Due to the inverse spin Hall effect, J
r
s
again generates a charge current density J rc ∝ αSHJ rs ×σ
that effectively changes the electrical resistance of the Pt
film.
The net spin current density JSMRs = Js − J rs for M ‖
Jc is given by [17]
JSMRs =
g↑↓
2pi
2eλSDρPtαSHJc tanh
tPt
2λSD
η , (4)
where e is the elementary charge, λSD is the spin diffu-
sion length in Pt and ρPt and tPt are Pt resistivity and
thickness, respectively. We furthermore introduced the
correction factor [15, 17]
η =
[
1 + 2g↑↓ρPtλSD
e2
h
coth
tPt
λSD
]−1
. (5)
As suggested by Eqs. (1), (2) and (4), one should thus
observe a scaling Js =
g↑↓
2pi E with an appropriate energy
ESP, ESSE and ESMR that generates the spin pumping,
spin Seebeck and SMR effects, respectively. Note that,
due to the inclusion of spin backflow via the correction
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Figure 2. (color online) (a) Typical spin pumping data ob-
tained from a YIG(20 nm)/ Pt (7 nm) bilayer sample as
sketched to the right. ∆VSP is extracted in ferromagnetic
resonance as indicated. (b) Data from a spin Seebeck exper-
iment performed using a piece of the same sample. A laser
beam is used to generate the thermal perturbation (see text)
and ∆VSSE is obtained by taking half of the voltage difference
observed between positive and negative saturation magnetic
fields in the geometry sketched to the right. (c) DC magne-
toresistance measurements are used to extract ∆ρ/ρ0 as the
change in bilayer resistance upon rotating M from parallel
(0◦) to perpendicular (90◦) to Jc.
factor η, the spin mixing conductance enters the linear
response expression in a non-linear fashion by defining
an effective excitation energy.
To experimentally test the scaling between Js and E,
we performed a series of spin pumping, spin Seebeck and
spin Hall magnetoresistance measurements on more than
20 samples. Most of these samples consisted of thin film
YIG / Pt bilayers with varying Pt thickness. Addition-
ally, we used YIG / X / Pt trilayers in which X was a
normal metal (Au or Cu). A complete list of samples,
details of their preparation and relevant material param-
eters can be found in the appendix.
In spin pumping experiments with electrical spin cur-
rent detection via the inverse spin Hall effect [27, 28], it
is possible to determine JSPs from the recorded dc voltage
3∆VSP in ferromagnetic resonance (FMR) as [5, 11]
JSPs =
∆VSP
Cη
1
L
, (6)
with the sample length L and the open-circuit spin Hall
conversion efficiency [11]
C =
2e
~
αSHλSD tanh
(
tPt
2λSD
)
ρPt
tPt
, (7)
with ~ = h/(2pi). The factor η is again included to correct
for spin backflow [29]. Note that Eq. (5), is strictly valid
only for 2piντsf  1 with the spin flip time τsf ≈ 0.01 ps
in Pt [15]. η is thus exact for the dc SMR and a good
approximation for our spin pumping data (2piντsf ≈ 6×
10−4).
A typical experimental VSP trace recorded for a YIG
(20 nm)/ Pt (7 nm) sample at a fixed microwave fre-
quency ν = 9.85 GHz while sweeping the external mag-
netic field H is shown together with a schematic of the
sample in Fig. 2(a). We observe a resonant Lorentzian
line shape of VSP as a function of the external magnetic
field [11]. Within experimental error, VSP = 0 far away
from FMR and ∆VSP is the dc voltage recorded at the
resonance magnetic field as indicated in Fig. 2(a). Be-
cause YIG is a ferrimagnetic insulator and we took great
care to position the sample in a node of the microwave
electric field, ∆VSP is not contaminated with rectification
voltages [30]. This is supported by the purely symmetric
Lorentzian resonance line shapes observed. The sample
length L ranged from 3 mm to 5 mm in the different sam-
ples investigated. We determined ρPt from four point re-
sistance measurements and tPt from X-ray reflectometry.
We now turn to the evaluation of ESP = 12hνP sin
2 Θ
[cf. Eq. (1)]. To this end, we extract Θ = 2hMW/∆H [31]
from the FWHM line width of the ∆VSP traces, where
µ0hMW = 22µT is the circular microwave magnetic field
that was determined from paramagnetic resonance cal-
ibration. We find 0.08◦ ≤ Θ ≤ 0.55◦ in the different
samples investigated. We calculate the ellipticity correc-
tion factor P = 1.2 as detailed in Refs. [5, 25] using a
saturation magnetization Ms = 140 kA/m and an effec-
tive g factor g = 2 [32]. We are now able to evaluate
JSPs and E
SP as a function of the three parameters g↑↓,
αSH and λSD. We discuss below that with a single set of
these parameters we can quantitatively describe the spin
pumping, spin Seebeck and SMR data in the context of
the spin mixing conductance concept.
In a different set of experiments, using parts of the
same samples patterned into Hall bar mesas by opti-
cal lithography and subsequent Ar-ion etching, we de-
termined the dc voltage ∆VSSE due to the laser-heating
induced spin Seebeck effect [33]. A laser beam of ad-
justable power (1.8 mW ≤ PL ≤ 57 mW) impinges on the
main Hall bar (length L = 950µm and width w = 80µm)
which is oriented perpendicular to the external, in-plane
magnetic field. The laser beam is dominantly absorbed in
the Pt layer and yields a temperature difference ∆T be-
tween the magnons in YIG and the electrons in the Pt at
the YIG/Pt interface. We use a numerical model incor-
porating a thermal contact resistance between the YIG
and the normal metal layers to compute the magnon,
phonon and electron temperature profiles in our samples
as a function of layer composition and laser power [34].
We find 0.02 K ≤ ∆T ≤ 0.9 K. The spin current JSSEs is
detected via the inverse spin Hall voltage VSSE along the
main Hall bar. A typical VSSE curve is shown in Fig. 2(b)
as a function of the external magnetic field. The depicted
hysteretic VSSE vs. H loop is consistent with our previous
experiments [33]. The spin current density is extracted
from experiment by
JSSEs =
∆VSSE
Cη
2w
a2pi
(8)
where L from Eq. (6) is now replaced by a2pi/2w with
the laser spot radius a = 2.5µm and the Hall bar width
w = 80µm. This stems from lateral integration over the
Gaussian laser spot profile to account for the fact that the
sample is heated only locally as demonstrated in Ref. [33]
and is valid as long as a w, which is the case for all in-
vestigated samples. We use the identical values for C and
η as for the spin pumping experiments to calculate JSSEs
with Eq. (8). To quantify ESSE = γ~kB∆T/(MsVa), we
use the coherence volume Va = (1.3 nm)
3 which we obtain
from Eq. (3) by using D = 8.5× 10−40 Jm2 consistent
with theory and a broad range of experiments [35].
In yet further, independent experiments with the same
set of Hall-bar samples we measured the SMR as the
change ∆ρ in bilayer resistance ρ when rotating M ‖ Jc
(ρ0) to M ⊥ Jc (ρ0 + ∆ρ). Typical ρ(H) traces for
M ‖ Jc (0◦) and M ⊥ Jc are shown in Figure 2(c). One
can observe the magnetization switching at the coercive
magnetic fields that agree with those extracted from our
spin Seebeck experiments on identical samples. As de-
tailed in Ref. [9], the change in ρ with H can be traced
back to the SMR from its characteristic dependence on
M orientation. From the SMR data, we extract the spin
current density [17]
JSMRs = Jc
∆ρ
ρ0
~tPt
αSHeλSD tanh
tPt
2λSD
(9)
from the experimentally determined ∆ρ/ρ0. The
charge current densities in our experiments were
1.7× 106 A/m2 ≤ Jc ≤ 1.7× 109 A/m2.
We plot JSMRs from Eq. (9) as a function of E
SMR =
2eλSDρPtαSHJc tanh (tPt/(2λSD)) η in Fig. 3(a) (squares)
for all samples. In identical fashion, Fig. 3(a) depicts
JSP as a function of ESP (circles) and JSSE as a function
of ESSE (up triangles). We use a single set of parame-
ters, g↑↓ = 1× 1019 m−2, αSH = 0.11 and λSD = 1.5 nm
for all samples. These parameters are identical to those
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Figure 3. (color online) (a) Spin current density Js as a func-
tion of the non-equilibrium energy E for all investigated sam-
ples as determined in spin pumping (circles), spin Seebeck
(triangles) and SMR (squares) measurements. The solid line
is the proportionality constant identified in the text as g↑↓/2pi.
Open symbols correspond to YIG/Au/Pt trilayer samples and
half-filled symbols to YIG/Cu/Pt trilayer samples. (b) The
spin mixing conductance as a function of total normal metal
thickness [same symbols as in (a)].
extracted from an analysis of the Pt thickness depen-
dence of the SMR [9]. We acquired data points for SMR
and spin Seebeck effect on various samples as a func-
tion of charge current density or laser power, respectively.
We furthermore include data recorded using YIG/Au/Pt
(open symbols) and YIG/Cu/Pt (half-filled symbols) tri-
layer samples (symbol shape identifies spin pumping, spin
Seebeck or SMR data). To evaluate the trilayer data, we
assume vanishing αSH and λSD  t for Au and Cu. We
thus modify C for spin pumping and spin Seebeck ef-
fect as well as Jc and
∆ρ
ρ0
for the SMR as detailed in the
appendix.
Altogether our experimental data span five orders of
magnitude in Js and E. In this entire range, we observe
that all experimental data points fall on (or close to) one
line in the plot. As predicted by theory, the constant of
proportionality is found to be g↑↓/2pi. This has several
implications. First, and most importantly, Fig. 3(a) is
strong evidence for the spin mixing conductance concept,
i.e., that spin pumping, spin Seebeck and SMR effects in-
deed arise from pure spin currents physics. Spurious ef-
fects due to static proximity polarization in Pt [21, 23, 36]
can be excluded based on Fig. 3(a), because if the mea-
sured spin Seebeck effect and spin Hall magnetoresistance
data were indeed consequence of a static proximity po-
larization, the obtained data should not fit quantitatively
in the spin current injection picture parameterized by
the mixing conductance. Our data for both these ef-
fects however are consistent with those extracted from
spin pumping experiments, showing that all three effects
have one and the same microscopic origin, namely spin
current flow. Last but not least, our data enable a quan-
titative understanding of the spin Seebeck effect which
has remained elusive so far [37]. The scaling of our data
shows that a spin Hall angle αSH = 0.11 and spin dif-
fusion length λSD = 1.5 nm are reasonable material pa-
rameters for our Pt thin films. These parameters are in
accordance with the product αSHλSD extracted in previ-
ous studies [5, 38] and more recent findings [39–41]. In
our work, owing to the different functional dependence
of the three effects on these parameters, a more reliable
extraction of λSD and αSH becomes possible.
Figure 3(b) shows g↑↓ = 2piJs/E as a function of the
total normal metal thickness tN = tPt + tX (X is Au or
Cu) for all bilayer and trilayer samples. The symbol def-
initions are identical to that in Fig. 3(a). The solid line
depicts g↑↓ = 1× 1019 m−2 and the shaded region corre-
sponds to 0.5× 1019 m−2 ≤ g↑↓ ≤ 1.5× 1019 m−2. The
majority of our data points lie within the shaded region,
so g↑↓ is constant within ±50% for all our samples and
regardless of the experimental method used to extract it.
There is no discernible trend in the Js to E ratio as a
function of Pt (or X/Pt) thickness. This suggests that
Eqs. (6), (8) and (9) are sufficiently accurate in the entire
thickness range investigated. The unsystematic scatter
in g↑↓ in Fig. 3(b) can be accounted for as being exper-
imental errors and varying interface properties between
the different samples. Our trilayer samples exhibit a g↑↓
similar or slightly lower than that of our YIG/Pt bilayers
and previous findings for the YIG/Au interface [42, 43].
In summary, we have experimentally demonstrated
that spin pumping, spin Seebeck and SMR all share the
same purely spintronic origin and thus experimentally
validated the spin mixing conductance concept. Spuri-
ous contributions due to proximity ferromagnetism in Pt
can be ruled out, thereby supporting existing models for
SMR and spin Seebeck effect. A relevant set of param-
eters for a ferromagnetic insulator/normal metal bilayer
(or according trilayer) obtained from rather straightfor-
ward SMR experiments may be used to predict results for
spin Seebeck or spin pumping experiments on the same
samples.
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Figure 4. (a) Precession cone angle Θ (left scale, closed sym-
bols) and spin pumping voltage ∆VSP (right scale, open sym-
bols) determined from experiments as a function of Pt thick-
ness tN for constant microwave driving field µ0hMW = 22µT
at ν = 9.85 GHz. (b) Calculated magnon-electron tempera-
ture difference ∆T (left scale, closed symbols) between YIG
and Pt at the YIG/Pt interface and measured spin Seebeck
voltage ∆VSSE (right scale, open symbols) at constant laser
power P = 1 mW impinging on the sample.
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APPENDIX
Spin pumping and spin Seebeck voltages
In this section, we present the experimentally acquired
spin pumping and spin Seebeck voltages for our YIG/Pt
bilayer samples.
Figure 4(a) shows the precession cone angle Θ as de-
termined from the line width of the ferromagnetic reso-
nance spectra and the spin pumping voltage ∆VSP deter-
mined from experiment for constant microwave driving
field µ0hMW = 22µT at ν = 9.85 GHz. At constant h1,
Θ is determined mainly by the properties of the ferromag-
net and thus there is no systematic evolution of Θ with
tN. Generally however, it can be observed that larger Θ
results in larger ∆VSP as already demonstrated in [11].
Furthermore, it can be seen that due to electrical short
circuiting, the inverse spin Hall effect conversion of the
spin current to ∆VSP tends to be more efficient at small
tN.
Figure 4(b) depicts the simulated magnon-electron
temperature difference ∆T between YIG and Pt at the
Sample ρPt (nΩm)
GGG/YIG(50)/Pt(7) 409.4
GGG/YIG(54)/Pt(7) 406.5
GGG/YIG(53)/Pt(2.5) 719
GGG/YIG(65)/Pt(6.6) 582.6
GGG/YIG(46)/Pt(3.5) 306.6
GGG/YIG(69)/Pt(2.7) 453.6
GGG/YIG(58)/Pt(2.2) 761.7
GGG/YIG(57)/Pt(1.3) 1089.9
GGG/YIG(61)/Pt(11.1) 334.5
GGG/YIG(52)/Pt(16.9) 339.2
GGG/YIG(53)/Pt(8.5) 348.3
YAG/YIG(59)/Pt(6.8) 487.7
YAG/YIG(64)/Pt(3) 622.2
YAG/YIG(61)/Pt(19.5) 361.3
YAG/YIG(63)/Pt(6.5) 412
YAG/YIG(60)/Pt(9.7) 429
YAG/YIG(60)/Pt(12.8) 434.9
YAG/YIG(50)/Pt(3) 513
Table I. Bilayer samples used in this study. Numbers in paren-
theses indicate layer thickness in nm.
YIG/Pt interface. For details of the calculations that rely
on a finite Kapitza interface resistance refer to Ref. [34].
A systematic evolution of ∆T as a function of tN is ob-
served. The reduced ∆T at small tN is due to the in-
complete absorption of the laser light. The scatter in
the simulated ∆T reflects the influence of spin backflow
on ∆T which hence depends on the normal metal resis-
tivity [34]. The observed spin Seebeck voltage ∆VSSE is
reduced for large tN due to electrical short circuiting.
A detailed analysis of the spin Hall magnetoresistance
properties of the samples used in this study can be found
in Ref. [9].
Sample preparation
All Y3Fe5O12 (YIG) thin films were grown (111) ori-
ented on either Gd3Ga5O12 (GGG) or Y3Al5O12 (YAG)
substrates by pulsed laser deposition and covered in situ
with Au, Cu and/or Pt by electron beam evaporation.
All samples were diced in two parts. One part was pat-
terned into a Hall bar geometry for laser-induced lon-
gitudinal spin Seebeck and spin Hall magnetoresistance
measurements while the unpatterned part was used for
the spin pumping experiments. Table I lists all investi-
gated bilayer samples and Table II the trilayer samples.
6Sample ρPt (nΩm)
GGG/YIG(31)/Cu(8.8)/Pt(7.3) 410
GGG/YIG(20)/Au(7)/Pt(7) 400
GGG/YIG(20)/Cu(9)/Pt(7) 400
YAG/YIG(55)/Au(9.2)/Pt(9) 370
YAG/YIG(45)/Au(9.4)/Pt(2.9) 860
Table II. Trilayer samples used in this study. We assumed
ρCu = ρAu = 300 nΩm for all trilayer samples.
Trilayers
The trilayer spin pumping and spin Seebeck data are
evaluated by using
CTL =
2e
~
αSHλSD tanh
(
tPt
2λSD
)
1
tPt/ρPt + tX/ρX
,
(10)
instead of C in Eqs. (6) and (8) in the main text to
account for the additional electrical shortcircuit due to
X. For the spin Seebeck effect, we calculate ∆T as
the magnon-electron temperature difference between the
YIG and the adjacent normal metal for the trilayer sam-
ples. For the SMR trilayer data, we again assume that
only Pt contributes to the SMR, while the second metal-
lic layer acts as a mere electrical short-circuit. We extract
the charge current in Pt
Jc,Pt = Jc
tPtρX
tPtρX + tXρPt
, (11)
by assuming that Pt and X layers act as parallel resistors
for the charge current. We then derive the SMR in Pt
∆ρPt
ρ0,Pt
=
∆ρ
ρ0
tPtρX + tXρPt
tPtρX
, (12)
by assuming there is no change in ρX due to the spin Hall
magnetoresistance. We use these expression to replace Jc
in Eq. (4) and ∆ρρ0 in Eq. (9) in the main text to evaluate
JSMRs and E
SMR for the trilayer samples.
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